Simulation of horizontal oil-water flow with matched density and medium viscosity ratio ( ⁄ =18.8) in several different flow regimes (core annular flow, oil plugs/bubbles in water and dispersed flow) was performed with the CFD package FLUENT in this study. The volume of fluid (VOF) multiphase flow modeling method in conjunction with the SST k-ω scheme was applied to simulate the oil-water flow. The influences of the turbulence schemes and wall contact angles on the simulation results were investigated for a core annular flow (CAF) case.
[-] specific dissipation rate equation
Introduction
Flows of two immiscible liquids are encountered in a diverse range of processes, and particularly in the petroleum industry, where oil and water are often produced and transported together. During the concurrent flow of oil and water in a pipe, the deformable interface of the two fluids can attain a variety of characteristic configurations known as flow regimes. Accurate prediction of oil-water flow characteristics such as the flow regime, water holdup, and pressure gradient is of importance for engineering design and operation.
Computational fluid dynamics (CFD) is a useful tool which can give insight and foresight of flow behaviors. It is becoming increasingly popular with advancement of the computer technology. Some dedicated in-house CFD codes have been developed in order to investigate the stability of CAF flows. Ooms et al. (1984) numerically modelled highly viscous oil CAF by assuming the oil core being solid. The model was based on the hydrodynamic lubrication theory and numerically solved with the shape of the wave being empirical input. Bai et al. (1996) conducted numerical calculation of laminar CAF of liquids with same density under assumptions of axisymmetric interfacial waves and a solid oil core. Ko et al. (2002) extended the numerical simulation of Bai et al. (1996) to turbulent case by adopting the SST k-ω model. Li and Renardy (2000) developed a semi-implicit VOF solver to study vertical core annular flow at low Reynolds number. Amongst many theoretical findings from the aforementioned studies is the importance of interfacial waves in the levitation of the core. It is noted that all the aforementioned studies focus on high-viscosity oil CAF (oil viscosity 2 to 3 orders higher than the water viscosity) and most of the models assume that the high-viscosity oil core being solid-like to simplify the mathematical description of the CAF. CAF is with relatively low-viscosity oil has received little attention. For low-viscosity oil-water flow, CAF would develop when densities of fluids are matched. In density-matched CAF with relatively low-viscosity oil, some interesting flow characteristics different from the extensively studies high-viscosity oil CAF would show as the influence of gravitational force disappear, the viscous force is not as dominant as in highviscosity oil-water flow, while at the same time the interfacial tension and/or the inertia play more prevailing roles depending on the flow conditions. The flow characteristics of densitymatched CAF with relatively low-viscosity oil has not been sufficiently discussed.
In engineering applications, the commercial CFD packages are gaining increasing popularity.
The general CFD codes ease the heavy work on coding and could provide reasonable results if the simulations are appropriately set up. A good understanding on the CFD models and numerical theories is essential to perform CFD simulations correctly. In addition, investigations on the suitability of the general built-in models to particular problems are required. One of the most important decisions that have to be made in any numerical study of fluid flow is the choice of the turbulence model as it bears a substantial effect on the accuracy of the result. A large number of studies in the literature have reported assessment of different turbulence models for single phase flow, particularly in the areas of aerodynamics (e.g., Menter, 1994; Bardina et al., 1997; Walsh and Leong, 2004; Cheng-Hu et al., 2005; Zhai et al., 2007; Baxevanou and Fidaros, 2008; El-Behery and Hamed, 2011; Sagol et al., 2012; Heschl et al.,2013) . However, few studies have been conducted to investigate the effectivity of various turbulence models in simulating two-phase pipeline flow. Banerjee and Isaac (2003) evaluated three turbulence models, including the standard k-ε, the RNG k-ε and the Reynolds stress model, in conjunction with the volume of fluid (VOF) multiphase flow model with FLUENT in predicting stratified gasliquid flow. They found that the RNG k-ε model provided better predictions. Vallée et al. (2008) used the SST k-ω model to simulate gas-liquid slug flow in conjunction with the inhomogeneous multiphase model with CFX; the interface turbulence damping function was applied for the SST Though the calculated liquid hold-up showed little variation at a specific distance downstream (22 times the pipe diameter), the velocity profiles still showed variation at that specific distance downstream, indicating the calculated flow is unlikely fully developed in the simulations described above. Ghosh et al. (2011) further performed simulations of CAF (oil-to-water viscosity ratio 220) in a vertical U bend with the same CFD models as used in their previous study (Ghosh et al., 2010) . The simulation results showed a satisfactory agreement with experiments concerning liquid distributions. Core annular flow through sudden contraction and expansion were investigated in Kaushik et al. (2012) . The authors also applied the standard k-ε turbulence scheme for turbulent annulus flow. The authors observed that an increase in the superficial velocity of the annulus prevents from fouling. Jiang et al. (2014) also investigated CAF through a U bend configuration with the Eulerian-Eulerian approach and compared simulation results with that from VOF approach reported by Ghosh et al. (2010) . The study showed that there is no major discrepancy between the two approaches. 
CFD model and simulation setup

Mathematical model description
VOF model
In the VOF model, a single set of conservation equations is shared by the phases.
Considering an isothermal system with no mass transfer and no phase change, the conservation equations are: 8 Mass equation:
The interface between the water phase (primary) and the oil phase (secondary) where wl n and wl tˆ are the unit vectors normal and tangential to the wall, respectively. The contact angle, wl , is the angle between the wall and the tangent to the interface at the wall.
SST k-ω turbulence model
The choice of turbulence model is crucial for turbulent two-phase flow modeling. The family of k-ε models is very popular for industrial applications due to its good convergence rate and relatively low memory requirement. The large number of examples in the literature also contributes to its popularity. Another family of two-equation eddy viscosity models is k-ω models.
The shear stress transport (SST) k-ω scheme utilizes the original k-ω model of Wilcox (1998) in the inner region of the boundary layer and switches to the standard k-ε model in the outer region of the boundary layer and in free shear flows. It has been reported that turbulence damping at the interface is necessary to predict correct pressure losses and phase holdups (Egorov, 2004; Vallée et al., 2008; Lo and Tomasello, 2010) . As turbulence damping at the interface can be included in the SST k-ω turbulence model in FLUENT, the SST k-ω model was used in the present study.
The governing equations of the SST k-ω model are: Turbulent kinetic energy: . More information on the formulation for these quantities can be found in Wilcox (1988) , Menter (1994) or Fluent theory guide (2012).
When the turbulence damping option is activated in FLUENT, an additional source term first suggested by Egorov (2004) is added to the ω-equation for reduction of the destruction term.
This additional source term is expressed as n is the grid size in the interface region; is a closure coefficient, =0.075; B is a damping factor which can be specified, the default value is 10. This additional source term is mesh size dependent (through n ). The tunable parameter B is an empirical coefficient which was obtained through numerical experiments (Egorov, 2004) .
The popular k-ε models were also tested in this study to investigate the effectiveness of turbulence models. The formulation of different k-ε models can be found in Fluent theory guide (2012).
Physical problem description
The facility for the numerical study is depicted in Fig. 1 
Boundary and initial conditions
The outlet pressure was applied at the outlet; a gauge pressure of zero, i.e., the atmospheric pressure, was specified at the outlet. No-slip boundary condition was imposed at the wall. The wall contact angle in the wall adhesion modeling (see Eq. 11) was specified as a boundary condition. A contact angle of 175° was used in the present study; different contact angles have been tested as discussed in the following section 3.2. Velocity inlet boundary was set up at the inlets. For the purpose of saving computation time, instead of using a uniform velocity and a longer pipe length to achieve fully developed single phase flow before the junction, the 
where U represents the average velocity, r the radial position in the circular section, R the radius of the pipe. For the velocity profile of turbulent flow, m is an empirical coefficient determined from the range of Reynolds number (see Schlichting, 1979) .
Apart from the velocity, the turbulence intensity and hydraulic diameter were specified when the turbulence model was used. The turbulence intensity at the core of a fully-developed duct flow is estimated through (19)
Solution setup
Calculations were conducted with flow conditions from experiments of Charles et al. (1961) . where represents the hydraulic diameter, the film average velocity, the crosssectional area occupied by water ( ), the water holdup ( ⁄ , the crosssectional area of the pipe), the superficial water velocity. Substituting Eqs. (21) and (22) into Eq. (20) yields (23) In the present study, the flow was solved as laminar when . Laminar condition was applied for three cases with =778 and SST k-ω turbulence model was applied for seven cases with of 6331 and 14271.
The simulation domain was initialized with the water inlet flow conditions. The pressurebased segregated algorithm was used to solve the transport equations. The PRESTO! (pressure staggering option) scheme was used for the pressure interpolation. The SIMPLE (semi-implicit method for pressure linked equations) scheme was used for the pressure-velocity coupling. First-order upwind spatial discretization scheme for momentum equation was applied first and switched to second-order upwind scheme after convergence could be easily achieved after some time of run. The Geo-Reconstruct scheme was used to determine the interface shape. A smaller time step in the magnitude of 10 -5 s was used first to obtain convergence and later increased to the magnitude between10 -4 and 10 -3 s at which the global Courant number was around 0.6~0. processors of 2 nodes (each node has two eight-core 2.6GHz Xeon CPUs and 64GB RAM) from a cluster used for each case, the CPU time used was around 2 to 5 days for a simulation time of around 25 s.
Results and discussion
Influence of turbulence scheme
An investigation of two-equation turbulence models has been conducted with the standard k- ). When no special treatment of turbulence at the interface is included, the turbulent viscosities from the standard k-ε and RNG k-ε models are thought to be over predicted, which leads to the overestimated pressure gradients. The results confirm that including the turbulence damping at the interface can improve the quantitative prediction of turbulence models as reported by Vallée et al. (2008) and Lo and Tomasello (2010) . surface. On a water-wet surface, the oil drop beads up, minimizing its contact with the solid (see Fig. 5 (a) ). On an oil-wet surface, the oil drop spreads, resulting in a contact angle of about 180º (see Fig. 5 (c) ). When the condition is neither strongly water-wetting nor oil-wetting, the balance of forces in the oil/water/solid system will result in a contact angle, , between the fluids at the solid surface (see Fig. 5 (b) ). When the force balance is out of equilibrium, the contact line will move towards its equilibrium position. The contact line motion induces an apparent dynamic (time-dependent) contact angle (Van Mourik et al., 2005) . For liquid moving quickly over a surface, the contact angle can be altered from its value at rest.
Influence of wall contact angle
An option to specify a wall adhesion angle in conjunction with the surface tension model is available in the VOF model (see Eq. (11) As no oil fouling on the pipe was observed in the experiments of Charles et al. (1961) , indicating rare oil contact with the wall, an angle close to 180° is thought to be appropriate.
Simulation runs were conducted to investigate the sensitivity of the simulation results to the wall contact angles for the cases studied in the present study. , simulations were performed with wall contact angles of 5°, 60°, 90°, 120°, 150°, and 175°, respectively. (referring the sub-image marked with '3-exp.' in Fig. 7) . As anticipated, a large wall contact angle which indicates strong water-wetting wall is demonstrated to give good prediction for the case under consideration. A contact angle of 175° was used in the following simulations.
The above simulations demonstrate the sensitivity of the simulation results to the wall contact angles for the case under consideration, i.e., oil-water flow with matched density and medium viscosity ratio ( ⁄ =18.8). The simulation results under different wall contact angles are thought to be reasonable. For the case under consideration, the flow is largely influenced by the interfacial tension as the influence of the gravity disappear due to matched density and the influence of the viscous force is not significant. It is noted that the influence of the interfacial tension would be reduced when the oil viscosity is significantly higher than the water viscosity (i.e., high Capillary numbers, ). This can explain the fact that core annular flow has been observed to be the dominant flow regime in either hydrophobic or hydrophilic pipelines (e.g., McKibben et al., 2000a and 2000b; Al-Awadi, 2011; Sridhar et al., 2011; and Shi and Yeung, 2016) . Another interesting aspect from the above simulation results is the predicted flow regimes of swirling oil and water streams before the formation of core annular flow. This kind of phase configuration has been observed in experiments on high-viscosity oil-water flow by AlAwadi (2011).
Comparison of simulation results with experimental data
A comparison of experimental and predicted flow patterns is displayed in Fig. 7 ) suggests that the validation of this case cannot be evaluated accurately.
Characterization of core annular flow
Analysis of fully established flows can begin when statistically steady solutions are reached.
To that end, face average pressures of various sections along the pipe are monitored. Fig. 8 shows monitored average pressure at different positions along the pipe after the intersection (z=0) for two annular flow cases. As shown, statistically steady solutions are reached after some simulation time depending on flow conditions. high-viscosity oil CAF where there is sharp change in the velocity gradient at the phase interface with velocity across the oil core being roughly flat (Ghosh et al., 2010; Shi, 2015) . The core annular flow studied in the present study has an oil viscosity of 16.8 cP. When the oil viscosity is much higher than the water viscosity, it is more likely that the oil core has a flatter velocity distribution. The assumption that the oil core flows inside the water as a rigid body has been used in some analytical studies of CAF with high viscosity ratio (see Ooms et al,1984; Bai et al., 1996; Ko et al., 2002; Ooms et al., 2012) . The simulation results show that the oil core of CAF cannot be treated as a rigid body when the oil viscosity is just one order higher than the water viscosity. Also, the turbulence strength is low at the pipe wall and the interface of oil and water due to turbulence damping effect from the pipe wall and the oil phase. The highest turbulent kinetic energy locates in the annular water layer close to the pipe wall. Comparing Fig. 11 (a) and (b) , it
shows that the turbulence strength in the annular water layer is increased with increase of the water flow rate.
Conclusions
Simulations of horizontal oil-water flow in different flow patterns including core annular flow, oil plugs/bubbles in water, and dispersed flow were performed with the CFD package FLUENT.
The following conclusions can be withdrawn from the study:
The VOF model in conjunction with the SST k-ω scheme with turbulence damping activated for turbulent flow is capable to predict the flow structures of core annular flow and oil plugs/bubbles in water. Quantitative agreement between predictions and experiments are achieved with relative errors within 30% for the pressure gradient and 14% for the holdup.
The VOF approach is not an ideal choice for modeling dispersed flow (droplets of one phase in another) as the interface length scales tend to become smaller than the computational grid sizes.
The wall contact angle can significantly affect the phase configurations of density-matched oil-water flow with medium viscosity ratio, or more generally speaking, fluids where the surface tension is playing a prevailing role. To obtain reasonable prediction for two-phase flow where the surface tension is playing a prevailing role, knowledge of the wall wettability and/or wall contact angle is of importance to set up CFD models appropriately.
Detailed flow characteristics of density-matched CAF with relatively low-viscosity oil (16.8 cP) are shown. There is no sharp change in the velocity gradient at the phase interface for CAF with relatively low-viscosity oil (oil viscosity one order higher than the water viscosity).
This is different from the velocity profiles of high-viscosity oil CAF(oil viscosity two to three orders higher than the water viscosity). Several different turbulent models for simulating liquid-liquid flow with density-matched and medium viscosity ratio in several different flow regimes were investigated; the results demonstrated that the SST k-ω scheme with the interface turbulence damping option activated provides better results.
The influence of wall contact angels for simulating density-matched oilwater flow with medium viscosity ratio (or more generally speaking, fluids where the surface tension is playing a prevailing role) was investigated; the results showed that the wall contact angle can significantly affect the phase configurations for the case investigated and highlighted the importance of selecting appropriate wall contact angles for simulating liquid-liquid flow in which the surface tension is dominant. than the water viscosity) has not been discussed sufficiently in the literature. The simulation results showed that different from the velocity profiles of high-viscosity oil CAF where there is sharp change in the velocity gradient at the phase interface with velocity across the oil core being roughly flat, there is no sharp change in the velocity gradient at the phase interface for CAF with relatively low-viscosity oil. 
